Abstract. Simultaneous observations are valuable in providing further insights into the character of the quasi 2-day wave. In this study we investigate the period and amplitude for the quasi 2-day wave near 91 km using MF radars at London and Saskatoon, Canada, and in addition look at possible values of the zonal wave number. The results of the present study bring out certain new aspects of the quasi 2-day wave at midlatitudes in the Northern Hemisphere. In particular we show that the period of the quasi 2-day wave determined from our study (specially at large amplitudes) is smaller (46±47 h) than the 51±52 h period often suggested by other Northern Hemisphere results, and that the periods also showed variability as a function of time. We also draw attention to the annual variability, and especially highlight the occurrence of the wave in non-summer months. Our observations show signi®cant wave correlation between the London and Saskatoon sites during time intervals of strong 2-day wave activity. These results suggest that the 2-day waves of 1993/4 are westward propagating waves of zonal wave number 3, although sometimes the zonal wave number 5 is also indicated (specially at large amplitudes). Our study also contributes additional mid-latitude geographical data which should aid in developing a better picture of the quasi 2-day wave.
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Introduction
The quasi 2-day wave (hereafter referred to as the 2-day wave) is a global-scale oscillation in the middle atmosphere (in the 50±100 km height region) which has been observed in both the Northern and Southern Hemispheres by radar, rocket, and satellite techniques for over 20 years (e.g., Muller, 1972; Coy, 1979; Craig et al., 1980; Rodgers and Prata, 1981; Burks and Leovy, 1986; Plumb et al., 1987; Tsuda et al., 1988; Reddi et al., 1988; Poole, 1990; Clark et al., 1994; Harris, 1993; Wu et al., 1993; Fritts and Isler, 1994; Meek et al., 1996) . However, the generating mechanisms and its role in the middle atmosphere are still require ampli®cation.
Most observations suggest that the 2-day wave is a late summer phenomenon in the middle atmosphere, occurs mainly at low-and mid-latitudes, and reaches its maximum amplitude in late July/early August in the Northern Hemisphere and in late January/early February in the Southern Hemisphere (e.g., Kingsley et al., 1978; Craig and Elford, 1981; Manson and Meek, 1986; Clark, 1989; Plumb et al., 1987; Clark et al., 1994; Harris, 1993) . In general, radar observations in the Northern Hemisphere indicate the presence of a 2-day wave in all seasons, although maximum amplitudes occur in the months of July/August (e.g., Kingsley et al., 1978; Manson and Meek, 1986; Clark, 1989; Tsuda et al., 1988) . A subsidiary weak maximum is often observed in the autumn or winter (e.g., Muller and Nelson, 1978; Craig and Elford, 1981; Ito et al., 1984; Harris, 1993b) , but at other times of the year the oscillation is usually either weak (amplitude indistinguishable from noise) or non-existent, depending on the locality (e.g., Rodgers and Prata, 1981) .
Most radar observations show that 2-day oscillations have larger meridional component amplitudes as compared to the zonal component amplitudes at midlatitudes. In general, the meridional component is larger than the zonal component at mid-latitudes by a factor of 2±3 times. Maximum amplitudes are usually attained at heights between 80 and 95 km (e.g., Craig et al., 1980; Craig et al., 1981; Clark, 1989; Clark et al., 1994; Tsuda et al., 1988; Ito et al., 1984) .
Both ground-based and satellite observations show that amplitudes in the meridional component are larger in the Southern Hemisphere, being up to a factor of two larger than those found in the Northern Hemisphere (e.g., Rodgers and Prata, 1981; Plumb et al., 1987 , Tsuda et al., 1988 Clark, 1989; Clark et al., 1994; Ito et al., 1984) . Typical mean maximum amplitudes in the meridional component are $30±40 m/s but short-term amplitudes of 50±100 m/s are common in the Southern Hemisphere (e.g., Craig et al., 1980; Craig and Elford, 1981; Phillips, 1989) . In contrast, mean maximum amplitudes near 20±30 m/s are typical in the Northern Hemisphere (e.g., Rodgers and Prata, 1981; Tsuda et al., 1988; Clark, 1989; Clark et al., 1994) . The duration of all such events ranges from several days to intervals in excess of a month.
In addition to amplitude dierences, another apparent contrast between the hemispheres in their respective summers is the wave period. Dierent observers report somewhat dierent periods in the range 43±53 h (e.g., Craig and Elford, 1981; Kalchenko, 1987; Salby and Roper, 1980; Massebeuf et al., 1981; Cevolani et al., 1983; Tsuda et al., 1988) . In the Southern summer Hemisphere the dominant wave period seems consistently to be fairly close to 48 AE 3 h (e.g., Craig et al., 1980; Craig and Elford, 1981; Phillips, 1989; Poole, 1990; Harris, 1993b) , whereas in the Northern summer Hemisphere the period often seems to be 51 AE 2 hours (e.g., Muller, 1972; Glass et al., 1975; Muller and Nelson, 1978; Kingsley et al., 1978; Stenning et al., 1978; Manson et al., 1978; Salby and Roper, 1980; Tsuda et al., 1988) . reported summer (June±August) values of 47±50 AE2±5 h. It is possible that these dierences are due to hemispheric dierences in the wave forcing and/or propagation conditions in the middle atmosphere. More precise information about the wave period is required if the source of the waves is to be determined.
Simultaneous meteor wind measurements at Garchy (47°N, 3°E) and Obninsk (56°N, 36°E), led Glass et al. (1975) to propose that the 2-day wave was a westwardpropagating third order Rossby-gravity normal mode; the (3, 0) mode (Longuet-Higgins, 1968) . This proposal was further substantiated by simultaneous observations of the 2-day wave by various investigators. Most observations in the Southern and Northern Hemispheres generally suggest that the 2-day wave is consistent with a westward propagating wave of zonal wave number 3 (e.g., Muller and Nelson, 1978; Craig et al., 1983; Phillips, 1989; Poole, 1990; Clark et al., 1993) . This is also supported by satellite temperature observations (e.g., Rodgers and Prata, 1981; Wu et al., 1993) . On the other hand, a comparative measurement over the relatively long baseline between Sheeld (England) and Durham (USA) indicated a value for the zonal wave number of 2 (Clark, 1983) . Three-station observations of the long period oscillation showed that the zonal wave number can have values from 2 to 4 for dierent wave periods ranging from 36 to 60 hours (Cevolani et al., 1983) . Randel (1993) showed evidence that the 2-day wave can have zonal wave numbers 3±4 with periods near 2 days. Recently, Meek et al. (1996) found a zonal wave number 4, for the Northern Hemisphere 1992 wave, by combining data from nine meteor and MF radars around the globe. For the 1991 event, zonal wave numbers 3 and 4 were possible. Within that paper, model calculation showed that waves with zonal wave numbers 3 and 4 have signi®cant amplitudes. A zonal wave number 5 was reported by Kalchenko (1987) . The theoretical understanding, numerical simulations, and resumeÂ of advances in 2-day wave studies are contained in (amongst others) Salby (1981) , Hunt (1981) , Plumb (1983) , P®ster (1985) , and Hagan et al. (1993) .
One interpretation put forward to explain the existence of the wave is that it is a manifestation of the Rossby-gravity (3, 0) normal mode forced by the lower atmosphere (Salby and Roper, 1980; Salby, 1981) . Salby (1981) attributed the excitation source of the wave to the characteristic unsteadiness of the tropospheric¯ow, or tropospheric``noise''. Salby (1981) studied the 2-day wave theoretically and showed that the third order Rossby-gravity mode has magni®ed responses very near 53 hours (2.2 days for solstice condition) in the presence of realistic numerical simulations of mean wind and temperature structures. While Salby's (1981) theory explains many of the observed features of the 2-day wave, it still has to explain the dierent hemispheric response in amplitude and in wave period.
An alternative interpretation proposed by Plumb (1983) emphasized the role of the fast growing baroclinic instability above the summer stratospheric westward jet. In this theory, the 2-day wave is believed to be a product of the instabilty. A zonal wave number 3 is predicted. His results were based on a one-dimensional stability analysis. P®ster (1985) extended the stability analyses to two-dimensions, and again found peaks in the unstable wave growth at zonal wave numbers 2±4, with periods of 1.4±3 days. Recently, Hagan et al. (1993) performed a series of numerical experiments for summer conditions (particularly for the January month) in the Southern Hemisphere using a linearized spectral model which includes realistic mean winds and dissipation. The results provide further evidence that the 2-day wave observed in the upper mesosphere may be a signature of the westward propagating, zonal wave number 3 mixed Rossby-gravity mode (Salby, 1981) .
Therefore, there is no conclusive evidence pointing to the source of the 2-day wave observed at mesospheric heights, but the aforementioned theoretical understandings and major conclusions continue to be qualitatively consistent with recent observational results. Further observations are required in order to resolve questions about the generating mechanism as well as to understand better the role of the wave in the middle atmosphere. Better understanding of the waves is important because of the interaction between the waves and the mean¯ow. There is important implications for the general circulation of the middle atmosphere during the summer. The waves may also be important in the transport of atmospheric constituents at mesospheric heights during the summer (Plumb et al., 1987) . In this study we investigate the period and amplitude of the waves over two years, and look for possible values of the zonal wave number for the quasi 2-day wave, using MF radars located at London and Saskatoon, Canada.
Data analysis methods
Winds in the mesosphere and lower thermosphere over London (43°N, 81°W) and Saskatoon (52°N, 107°W) have been regularly monitored using MF radars since November 1992 and September 1978, respectively. The radar frequency of both radars is 2.2 MHz, and they have been used to measure horizontal winds in the 80±100 km height range using the spaced antenna method. Winds measurements are made at time intervals of 5 min and at 3 km height intervals. A more detailed description of the MF radar systems can be found elsewhere (e.g., Thayaparan, 1995; Thayaparan et al., 1995a; Gregory et al., 1979; Meek, 1980) . The present study of the 2-day wave is based on data collected during the years 1993 and 1994. This study focuses mainly on comparisons performed at 91 km height which is generally the maximum amplitude peak of the 2-day wave activity at both sites. Since we are here only interested in long-period phenomena the data were averaged over 1 h in the analysis. Missing hourly averages (which were rare) were replaced by Gaussian distributed random noises with a variance matching that of the data itself (e.g., Park and Muller, 1988; Ball, 1981) .
The observed 2-day wave usually has its maximum somewhat after the summer solstice, perhaps indicating a particularly eective forcing agent present at this time. If this is correct then a more precise measurement of the wave period is required, so that it may give a better clue to the source of the wave. To determine the precise period of the 2-day oscillation, we used a complex demodulation method which is very sensitive to the frequency variations within the time series (e.g., Harris, 1993; Harris and Vincent, 1993; Palo and Avery, 1993; Thayaparan et al., 1997) . It should be emphasized that we have used this complex demodulation method to investigate the period of the 2-day wave but have used standard harmonic analysis method to estimate the amplitudes of the 2-day wave. The advantages and disadvantages of these methods will be discussed in the following subsections.
Complex demodulation
The complex demodulation method eectively investigates one frequency range at a time (e.g., Bloom®eld, 1976; Brillinger and Krishnaiah, 1983) . The basic idea can be explained as follows. If x 0 x 0 2pf 0 , f 0 being the frequency closest to the frequency of interest) is known a priori, we can study the time-dependent behavior of the time series by shifting (``beating'') its frequency down to zero. This beating is easily accomplished by multiplying the raw time series by expÀ õx 0 t or with an equivalent frequency shift in the Fourier domain. The resultant complex time series is then lowpass ®ltered about the zero frequency, thus coherently demodulating the original time series around the frequency of f 0 (demodulation frequency). It should be noted that the amplitude spectrum of the complex demodulated time series is just a frequency shifted version of the original time series spectrum. The phase gradient, i.e., the rate of change of the phase of the complex demodulated time series, is a measure of thè`l ocal'' frequency dierence from the demodulation frequency, i.e., f À f 0 1 2p dU dt . Thus, if a time series contains a harmonic component with the frequency f we can detect the presence of this component by plotting the phase, U, as a function of time, t. This plot is approximately linear (see below), and we can get an precise estimate of the dominant period of the 2-day wave as function of time.
We performed several tests by varying the demodulation frequency, and it turns out that the period determined in this manner is independent of the demodulation frequency as long as the strong signal remains within the bandpass. As the demodulation frequency moves closer to the dominant frequency, the slope of the phase of the complex demodulation approaches zero. This provides a consistency check on the results of the complex demodulation method. If the period estimate remains the same as the demodulation frequency is varied then it is highly likely that a dominant signal is present within the bandpass. Otherwise the determined periods may be simply random noise. One of the advantages of the complex demodulation method is that it allows an estimate of the frequency of the dominant component as a function of time within the time series. Thus variations of the period with time can be studied, and statistics formed. This is precisely what was done for the 2-day wave analysis in Sect. 5. It should be borne in mind that there are cases where the complex demodulation method would provide erroneous results. For example, if there are multiple signals present in the bandwidth then the complex demodulation method would provide an estimate of the center of mass for the power spectra in the bandpass used. However, our analysis suggests that the 2-day wave is by far the dominant component, as will be seen later.
Following these tests, we decided to use a 48-hour demodulation period in this study. An eective bandpass ®lter was used with limits from 42 to 54 h for the 48-h demodulation period in this study, and the spectrum was shifted to 0 Hz. Because we deal with only one component, e.g., meridional, the amplitude is reduced by a factor of 2, since we lose the information at negative frequency. However, because the data are purely real, the spectrum is symmetric and therefore we retain all the pertinent phase information. Amplitudes only need to be rescaled to obtain their proper values and we have done this, although we have not presented these because our emphasis is on studies of phases and periods.
The periods have been estimated from the demodulated time series from day 152 to day 273 (from June 1 to September 30), which allows amplitude variations on time scales greater than 8 days. We have used several dierent types of spectral windows in order to con®rm the consistency of our results. For example, we used ®rstly a Hamming window (Harris, 1978) and then also tried a¯at window with equal weighting except for the end values which have only half the weighting (e.g., Harris, 1993a) . This gave enough tapering to avoid spurious ringing and other eects in the ®ltered data (e.g., Harris, 1978; Bloom®eld, 1976; Bracewell, 1978; Forbes, 1988; Harris, 1993) . In all windows, we chose purely real windows so as to ensure that the ®ltered data have no temporal shifts relative to the raw data. All results concerning rate of change of phase and period were indistinguishable between tests. Henceforth we use the Hamming window when we use the complex demodulation procedure.
Harmonic analysis
A complex demodulation method can be used to give an estimate of the amplitude of the 2-day wave as a function of time. It has the advantage of producing a time series with a data point for every data point in the original time series. The amplitude of the complex demodulation of the time series is a measure of the amplitude of the dominant frequency within the bandpass around the demodulation frequency. However, these demodulated amplitudes can be slightly smaller than the real amplitudes because the demodulated amplitudes have been bandpass ®ltered. Therefore demodulated amplitudes will not be used as an estimate of the amplitude of the 2-day wave. We used standard harmonic analysis method for the estimation of the amplitudes of the 2-day wave.
There is considerable theoretical and experimental evidence that various tidal components (24-h, 12-h, and 8-h) also co-exist with the 2-day wave (e.g., Thayaparan et al., 1995a, b; Manson et al., 1989) . Because of the presence of these strong tidal components we used four day groupings of data, stepped by one day (e.g., 1±4, 2±5, 3±6,...). A 4-day ®t was adopted because this is long enough to give reasonable signi®cance to our results yet short enough to give reasonable sensitivity during periods of large 2-day activity. The zonal (u) and meridional (v) wind components were represented as a function of time t by
where 0 is the prevailing mean wind and i and U i are the mean amplitude and phase for the 8-h i 1, 12-h i 2, and 24-h i 3 tidal components. The wave period 4 was varied systematically from 40 to 60 h in steps of 0.5-hour in order to provide maximum sensitivity to amplitude variations. For each data interval the daily 2-day wave amplitude chosen was the one with the period which produced maximum response, and these are illustrated in Fig. 1 and the corresponding periods representing the best ®ts to the data are illustrated in Fig. 2 . This analysis was carried out for both zonal and meridional components.
3 Amplitude Figure 1 shows the amplitudes of the 2-day wave for both the zonal and meridional components in 1993 and 1994: values of the 4-day ®t are shown for each day, where the 4-day window has been slide along in one day steps. Note that the units used to display the time series is the day number. Figure 1 clearly illustrates that the 2-day wave activity has maximum amplitude during the summer months, i.e. from day number 170 (19 June) to day number 220 (8 August). However, these observations also indicate the presence of the 2-day wave more weakly at other times of the year. One noticeable feature is a pronounced maximum during the day numbers 115±125 (late April) in 1993, particularly in the meridional components of the London data. Similar behavior is also evident in both the London and Saskatoon data during the day numbers 125±150 (near mid May) in 1994. Figure 2 shows that generally the estimated periods are less variable during the summer months (i.e. from day number 170 to day number 220) than other times of the year. It should be emphasized here that outside of the summer months the estimated periods are generally less reliable owing to the comparatively small wave amplitude. Our earlier work suggests that the periods of the 2-day wave in Fig. 2 are not reliable when the amplitudes of the oscillations are less than 3 m/s (Thayaparan, 1995; Hocking and Thayaparan, 1997 ). The horizontal bars in Fig. 1 and 2 indicate the time periods of enhanced wave activity and this is the region discussed further in this study. The vertical error bars shown on the amplitude and period plots (in the upper panels of Fig. 1 and 2) are the 95% con®dence intervals associated with each ®tted parameter (Thayaparan, 1995; Hocking and Thayaparan, 1997) . The rest of the discussion will be con®ned between day number 170 and day number 220.
Maximum amplitude values of $25±30 m/s are observed in the meridional component. For the zonal component the maximum values attain $15±20 m/s over London but very large amplitudes of 30 m/s are also observed over Saskatoon particularly in 1993. These maximum amplitude values are generally consistent with previous observations in the Northern Hemisphere (e.g., Rodgers and Prata, 1981; Tsuda et al., 1988; Clark, 1989; Clark et al., 1994) . We also note that the amplitude of the 2-day oscillation in the zonal component is larger by a factor of 2±3 in Saskatoon than in London during the mid-summer amplitude oscillations, while the meridional component shows comparable amplitudes at both sites.
The dominance of the 2-day periodicity is also clearly evident in the ®ltered time series shown in Fig. 3 . Note that the corresponding time segment shown in this ®gure is from day number 152 (1 June) to day number 270 (27 September) . The data at the two sites were subjected to a band-pass ®lter with cuto periods of 42 and 54 h. Figure 3 shows quite distinctly that the time variations of the occurrence of the 2-day wave are very similar at London and Saskatoon. It is apparent that the wave is transient in nature with the largest event taking the form Zonal (1993) Zonal (1993) Zonal (1994) Zonal ( Meridional (1993) Meridional (1994) Meridional (1994)   35  35  35  35  40  40  40  40  45  45  45  45  50  50  50  50  55  55  55  55  60  60  60  60  65  65  65  65 Period ( To obtain a picture of the average behavior of the amplitude and phase of the 2-day wave as a function of height, the data from the second event during 1993 are shown in Fig. 4 for both the zonal and meridional components. We use these data because the wave has the largest meridional amplitudes in this interval, i.e., from day number 201 to day number 210. The horizontal error bars shown on the amplitude and period plots are the 95% con®dence intervals associated with each ®tted parameter . The ®gure shows that the wave amplitude maximizes near 91 km at both sites and then decreases with further increase in height. A more detailed description of the vertical structure of the 2-day wave over London is given by Thayaparan et al. (1997) . Meridional (1993) Meridional (1994) Zonal (1993) Zonal ( 
Phase
The phase is illustrated in Fig. 4 below each amplitude plot, again as a function of height. The phase of the 2-day wave was obtained by determining the local time of the maximum eastward and northward winds, on a scale of 0 to 48 h (see below), in which zero hours was taken to be midnight on each odd day number of the year .
The phase plots show that the meridional component leads the zonal component by 11±14 h in the 85±94 height range, indicating clockwise rotation of the wind vector (looking from above). The plots also show that the London site leads the Saskatoon site by 9±11 h for both the zonal and meridional components. The physical signi®cance of these results will be discussed in Sect. 8.
The vertical wavelength is measured by the rate of change of the phase with height, as seen from Fig. 4 . The ®gure shows that the time of maximum eastward and northward winds occurred at earlier times at the higher altitudes, implying a downward phase and upward energy propagation. Long vertical wavelengths of more than 150 km are estimated during these periods. This behavior is most frequently observed during the time periods of strong enhancement of the 2-day wave activity over London . Figure 5 shows the phase at 91 km from day number 171 to day number 220. There is a evidence of large phase shifts occurring between the bursts. These large phase shifts are generally associated with amplitude minimum between the bursts, which can be compared with amplitudes in Fig. 3 . Examples can be seen near day number 195 in 1993 and day number 190 in 1994 for both the zonal and meridional components at both sites. Phase jumps of 180°are evident during these occasions, particularly near day number 190 in 1994 for the meridional component. This behavior is suggestive of beating between 2 modes, both with periods close to 2 days, although we have not pursued any attempts to isolate these components. The 180°phase jumps are also evident in ®ltered wind time series presented in earlier works by Craig and Elford (1981) , Craig et al. (1983) , and Poole (1990) , and simultaneous observations at Sasaktoon (52°N) and Durham (43°N) given by Clark et al. (1994) . It should be noted that although the large phase shifts are observed between the bursts, the phases generally drift slowly and steadily towards earlier times with day number during the periods of ®rst and second enhanced wave activities (i.e., during day numbers 
Period
In this section, although we present the period as a function of time from day number 152 to day number 270, the main focus of the wave period studies will be during the time periods of enhanced wave activity. Figure 6 shows the phase of the complex demodulated meridional component of the 2-day wave from day number 175 to 184 (®rst event) and from day number 201 to 210 (second event) in 1993 at both sites, using a demodulation period of 48 h. These plots are approximately linear and have positive rate of change with time. This behavior is generally observed during the time periods when the wave had a demodulated amplitude greater than 8 m/s. Since the rate of change of the demodulated phase is proportional to the dierence between the demodulation frequency and the frequency of the dominant signal within the bandpass, these results clearly suggest a period less than 48 h. The fact that these phase variations are so nearly linear shows that the time interval really is dominated by the 2-day wave and that there is little interference from other components. This means we have considerable reliability in our period estimation. We now discuss the variation of the period as a function of time. Figure 7 shows the variation of the period as a function of time in 4 day intervals, which can be compared with the amplitudes in Fig. 3 . Generally the periods are between 42 h and 54 h. We draw attention to the relatively excellent agreement in period between the two sites from day number 180 to day number 220, particularly for the meridional component in both years, which seems to coincide with the enhancement or`b urst'' in the amplitude of the 2-day wave. The period It should be noted that the period of the 2-day wave was only taken into account when the wave had a demodulated amplitude greater than 8 m/s. After a number of tests it turns out that the results of the mean periods are even more consistent if the cuto amplitude is increased (e.g., 15 m/s). All these results strongly suggest that the enhancement or burst of the 2-day activity occurs most frequently near a period of 46±47 h. The periods determined in the present study are therefore found to be smaller than the 51±52 h period generally suggested by the Northern Hemisphere results (e.g., Muller, 1972; Glass et al., 1975; Muller and Nelson, 1978; Kingsley et al., 1978; Stenning et al., 1978; Manson et al., 1978; Salby and Roper, 1980; Tsuda et al., 1988) , although these other studies did not distinguish periods on the basis of wave amplitudes as we have.
To further con®rm that the periods are between 46 and 47 h at both sites during the enhancement of the 2-day wave activity, we also calculated the periods using the harmonic analysis method as discussed in Sect. 2.2 and those were found consistent with the period values obtained from the complex demodulation method. A more detailed comparison between the complex demodulation and harmonic analysis methods is given by Thayaparan et al. (1997) .
Amplitude spectra
Figures 1 and 3 clearly illustrate that, in each year, there are two strong bursts of the 2-day wave activity and they seem to die out abruptly after 7±10 cycles in each burst of the activity. Therefore we will concentrate on only the time periods associated with the large amplitude of the 2-day wave activity. The ®rst event occurs simultaneously at both sites speci®cally from day number 175 to day number 191, and the second event occurs simultaneously from day number 201 to day number 216 in 1993. In 1994 the ®rst event occurs simultaneously from day number 175 to day number 191 (same time period as in 1993), and the second event occurs simultaneously from day number 207 to day number 222. It should be noted that 90±95% of the total available hourly mean data were available at both sites during these period of time for the years 1993 and 1994.
Figures 8 and 9 show amplitude spectra for the two burst events discussed both for the years 1993 and 1994. Note that the ordinates of the resultant amplitude spectra have dimensions of m/s since the original amplitudes have been multiplied by a normalization constant which has dimension of Hz (e.g., Bloom®eld, 1976; Bracewell, 1978) . This allows one to compare qualitatively the relative amplitude variation of the 2-day (near 0.5 cycle/day) wave with the tidal components e.g., 24-h (1 cycle/day) , 12-h (2 cycles/day), From Fig. 1±3 and 7±9 as well as in the results obtained for years 1993 and 1994, many similarities appear between the sets of data at the two sites. The time variation of the 2-day oscillations also suggests that the characteristic behavior is similar at both sites. Therefore we used two methods, the cross correlation and cross spectrum, between the sites to achieve quantitative results.
Cross-correlation
The cross-correlation method studies the variation of the cross-correlation coecients (CCF) versus the time shift experienced by one set of data compared with the other set of data. If this coecient varies quasisinusoidally versus time, the period of the curve will show the period of the dominant motion present in both records. The time shift between the origin and the time when this coecient reaches its maximum value is equal to the phase shift of the wave between both sites.
In our analysis procedure, the original hourly mean data were subjected to a bandpass ®lter with cuto period of 42 and 54 h. Thus, the tides and gravity waves are removed by this bandpass ®ltering. Figure 10 illustrates the cross-correlation between the data obtained at the London and Saskatoon sites for both the zonal and meridional components in 1993 and 1994. This ®gure shows quite distinctly that the same periodic motion is measured at both sites. The period of motion is the time for one complete oscillation in the CCF-time curve (Fig. 10) . We can see from the ®gure that there are many combinations such as distance between successive amplitude maximums, distance between successive minimums, etc. to estimate the period of the dominant motion present in the data. We have used all such combinations to estimate the mean period of the 2-day wave. The associated errors are then estimated using the distribution of the periods for each component. The calculations reveal that the periods of the 2-day wave are 47X2 AE 1X8 h and 46X4 AE 1X6 h in 1993 and 47X1 AE 1X9 h and 46X2 AE 1X7 h in 1994 for the zonal and meridional components respectively. These values are consistent with the values estimated by the complex demodulation method (see Sect. 5). It is important to note that these period values were estimated when the cross-correlation values are greater than 0.4.
A signi®cant correlation between the two sites is clearly apparent in Fig. 10 for the 2-day wave particularly in the meridional component. The peak crosscorrelation values are of $ 0X75±0X90 in both years. These results reveal that the enhancement of the 2-day wave activity occurred with a high degree of consistency between the two sites during this period of time. On the other hand, the cross-correlation values for the zonal component are comparatively smaller, with values of $ 0X5 except from day number 207 to day number 222 in 1994. The plot of the correlation function from day number 207 to day number 222 in 1994 for the zonal component yield quantitative evidence that there was no correlation between the two sets of data in this time interval, showing either that there were motions with quite dierent periods or that there were no signi®cant The time lags for maximum correlation are found to occur between 10 and 11 h for the meridional component in 1993. The respective value is 12±16 h for the meridional component in 1994. For the zonal component the time lags for maximum correlation occur between 9 and 10 h in 1993, and occur near 16 h in 1994. The physical signi®cance of these results will be discussed in the following section.
Cross-spectrum
The cross-spectrum method gives not only information about the dominant periodicity simultaneously observed at two sites, but also sets out quantitatively the values of amplitude, period, and phase dierence of every motion present. The main purpose of this analysis in this present study is to estimate the precise phase dierences between the two sites in order to estimate the zonal wave number of the travelling westward wave.
The zonal wave number of the 2-day wave can be estimated by simultaneous comparisons of its phase at two sites situated at similar latitudes but separated in longitude. If we interpret the phase dierences at the two sites as the eect of a westward propagating wave then we can calculate its zonal wave number from the apparent phase speed by using the relationship, k 360 D Dd (e.g., Muller and Nelson, 1978) , where k is the zonal wave number, is the wave period, D is the time dierence between the two sites, and Dd is the longitudinal dierence between the observational sites in degrees. It has already been shown, in the previous sections, that a 2-day wave period of $ 46X5 h is typical at both sites during the time period of strong 2-day wave activity. It is desirable for the two sites to simultaneously sample the same cycle, i.e., to be within 120°of longitude (which assumes the zonal wave number 3 pattern) of each other, because the wave structure may be dierent for each cycle as they circle the globe. The satellite temperature observations clearly show that each of the three cycles of the zonal wave number 3 pattern dier (Rodgers and Prata, 1981) . A zonal wave number of 3 means that a wave will have 3 cycles circling the globe. The geographical separation of London and Saskatoon is 9°in latitude and 26°in longitude. On the other hand, the closer the sites the smaller the phase dierence and hence the larger the relative error in its estimate. As an example, for an error of 1 h in each phase estimate, the dierence will produce an error of $ 0X3 in the zonal wave number. If the 2-day wave is assumed to be due to a westward propagating wave with a zonal wave number 3, and also assuming there is no phase change with latitude, then the 2-day wave at London should lead that at Saskatoon by $ 10 h, i.e., the crest of the wave moves from east to west. Another approach is to use the phase of the crossspectrum of the two wind time series. This method yields a measure of the average phase dierence of the time series. Let us check whether such a motion could account for the experimental zonal wave number 3. We have examined 6 intervals of 8-day data sets from day number 175 to day number 222. One example of the normalized cross-spectrum between the two sites using data from day number 183 to day number 190 for the meridional component in 1994 is shown in Fig. 11 . We have adopted a 8-day data set because Fig. 3 suggests that this is long enough to give reasonable signi®cance to our results, and will also allow us to create a reliable error estimate for the cross-spectral phase. Figure 11 shows distinctly that the 2-day oscillation is the dominant feature of the cross-spectrum during this period of time. This means that, whenever a distinct peak in the spectrum appears in the London data, it exists at Saskatoon too. Similar behavior is frequently observed during other periods of time. These results further con®rm that from day number 175 to day number 222, the same periodic motions are simultaneously detected over London and Saskatoon. Tables 1 and 2 give the apparent phase lag between the two sites for 6 independent periods in 1993 and 1994 respectively. The results Zonal (1993 ): 175 -191 Zonal (1993 ): 201 -216 Zonal (1994 ): 175 -191 Zonal (1994 ): 207 -222 Meridional (1993 ): 175 -191 Meridional (1993 ): 201 -216 Meridional (1994 Meridional ( show that the London site leads the Saskatoon site by $ 9X7 AE 1X4 h and $ 10X8 AE 0X6 h for the zonal and meridional components respectively in 1993. The corresponding zonal wave numbers are 2X9 AE 0X4 and 3X2 AE 0X2 for the zonal and meridional components. For the year 1994 we divided the data into 2 sets of data, i.e. from day number 175 to day number 198 and from day number 199 to day number 222, because of a signi®cant increase in the estimated of the time lag (see also Table 2 because the amplitudes of the cross-spectra are very small, so that the phase determinations are of dubious quality. It should be emphasized that the values for the zonal component during the ®rst half of the time period in 1994 should also be treated with caution, since relatively small amplitudes are associated with the cross-spectrum. It must be also emphasized here that the phase pro®les of the 2-day wave are almost constant with height suggesting the presence of evanescent or long vertical wavelength (>150 km) behavior during the time periods of strong enhancement of the 2-day wave activity Thayaparan et al., 1997) . The zonal wave number was also calculated from a smoothed cross-spectrum as a cross-check. This was achieved by applying a 3 point running mean to the separate complex amplitude spectra prior to computing the cross-spectrum. However, there is little dierence between the results from the raw and the smoothed cross-spectra. We wish to note that the estimated phase lags are consistent with the values obtained from the cross-correlation method in the previous section (see Fig. 10 and the respective text in Sect. 7). Overall, our results suggest that the 2-day wave is a westward propagating Rossby-gravity wave of zonal wave number 3 specially at large amplitudes. As such, our results appear consistent with the studies by Salby (1981) and Hagan et al. (1993) supporting a normal mode interpretation of the wave motion following excitation. Other previous Northern Hemisphere observations by groundbased and satellite instruments also support our estimation of a zonal wave number 3 (e.g., Muller and Nelson, 1978; Craig et al., 1983; Phillips, 1989; Poole, 1990; Clark et al., 1993; Rodgers and Prata, 1981; Wu et al., 1993) . A zonal wave number 5 was also reported by Kalchenko (1987) .
This estimation of the zonal wave number of the 2-day wave hinges on the premise that the phase of the 2-day wave is invariant with latitude since we assume in our analysis that the latitudinal spacing between the two sites can be neglected. However, both numerical simulations (e.g., Salby, 1981) Meek et al. (1996) , by combining data from nine meteor and MF radars around the globe, claimed that they do not observe any signi®cant latitudinal variation of the phase. However, in order to obtain some error estimates, we will consider the eects of a latitudinal variation of phase. If we use same model calculation of Meek et al. (1996) , i.e., a shift of 0.8°longitude per 1°of latitude, the estimation shows that the zonal wave number 3 might appear as either a zonal wave number 2 or 4 and the zonal wave number 5 might appear as either a zonal wave number 4 or 6, within the error bars of the data. Therefore, we emphasize that priority should be given to the consideration of systematic errors of this kind when estimating the zonal wave number, and one must be careful in the interpretation of the results. Further global observations are required in order to resolve questions about the importance of the latitudinal phase shift in the estimation of the zonal wave number.
The phase relationship between the wind components, i.e., the zonal and meridional components, is estimated by using the cross-spectrum method, in a similar fashion to the phase relationship obtained between the sites. An example of the cross spectrum of the winds at London is illustrated in Fig. 12 . Tables 3 and 4 give the phase relationship between the zonal and meridional components at each sites in 1993 and 1994 respectively. The results show that the meridional component leads the zonal component by $ 12X6 AE 1X7 h and $ 13X1 AE 1X1 h at the London and Saskatoon sites respectively in 1993. These values are $ 10X2 AE 1X9 h and $ 13X6 AE 0X7 h at the London and Saskatoon sites respectively in 1994. These results strongly suggest that the components of the 2-day wave are nearly in-quadrature during the time intervals of strongest 2-day wave activity (i.e., for amplitudes greater than 8 m/s), indicating clockwise rotation of the wind vector (looking from above). $ 25 m/s in 1993, but in 1994 both the zonal and meridional components have somewhat comparable amplitudes (25±30 m/s). The amplitude variations with latitude suggest that the amplitude maximizes at low latitudes. The meridional amplitudes are comparable at London than at Saskatoon, and the zonal amplitudes at Saskatoon is larger by a factor of 2±3 than at London. Amplitudes vary from year to year but it is clear that the summer amplitude maximum is generally con®ned to a duration of about 50 days. The period of the 2-day wave was determined by the complex demodulation method, and is found to change with time. During the bursts of the 2-day activity (i.e., specially at large amplitudes) the mean periods are in the 46±47 h range at both London and Saskatoon sites for the zonal and meridional components in 1993 and 1994. It should be noted that these values for the periods are estimated when the amplitudes are greater than 8 m/s. These values are shown to be consistent with the values obtained from the cross-correlation analysis method. The periods determined from the present study are found to be smaller than the 51±52 hours period often suggested by other Northern Hemisphere results, although the periods of the wave are found to vary in the 42±54 h range when amplitudes are smaller. Note that Meek et al. (1996) reported that periods of the wave at Saskatoon during 1991/1992 ranged from 43 to 52 h during the summer.
A striking similarity appears between the 2-day waves at London and Saskatoon. Our observations show signi®cant correlation between the two sites of the 2-day wave during time periods of strong 2-day activity. The peak cross-correlation coecient values are found to be between 0.75 and 0.90, particularly in the meridional component in 1993 and 1994.
Our results strongly suggest that the 2-day wave is a westward propagating Rossby-gravity wave of zonal wave number 3 (specially at large amplitudes), assuming the phase dierence to be due solely to the dierence in longitude. A possible connection with the zonal wave number 5 is suggested at one time (early August) in 1994. These results are independently determined by the cross-spectrum and cross-correlation methods. Note that Meek et al. (1996) reported a zonal wave number 4 between Saskatoon and other mid-latitude radar observations in 1992, however, the choice between zonal wave numbers 4 and 3 was not clear in 1991.
The phase relationship between the zonal and meridional components was studied at the London and Saskatoon sites using the cross-spectrum method. It was found that the meridional component leads the zonal component by $ 10±13 hours specially at large amplitudes, suggesting the wave components are nearly in quadrature and indicating clockwise rotation of the wind vector (looking from above). Our observations showed that there is evidence of large phase shifts occurring between the bursts, and these large shifts are generally associated with amplitude minimum between the bursts. Phase jumps up to 180°are observed during these occasions. However, the phases show little variation with time when the amplitude is large.
Finally, in order to study the complete nature of the 2-day wave at mid-latitudes, it is imperative to continue these investigations. Coordination and intercomparisons are required in order to resolve questions about the importance of the latitudinal phase shift in the estimation of the zonal wave number, the generating mechanism as well as to understand better the role of the 2-day wave in the middle atmosphere.
